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Abstract

Ammonia is one of the major aquatic environmental pollutants that can bring detrimental effects to the growth and survival
of aquatic organisms. However, the molecular mechanisms of ammonia toxicity and ammonia excretion in marine
invertebrates especially mollusks are still poorly understood. Cephalopods are exclusively ammonotelic with high protein
metabolism and ammonia excretion rate, making this taxonomic group an ideal specimen to explore the ammonia
detoxification mechanism. In this study, comparative transcriptomes were employed to investigate the transcriptional
changes of O. minor in responses to acute ammonia exposure. A total of 63,237 unigenes with an average length of 811 bp
were discovered and 25,708 unigenes were successfully annotated. The transcription of 1845 genes were significantly
changed after ammonia stress, including 315 up-regulated genes and 1530 down-regulated genes. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis based on differentially expressed genes (DEGs)
revealed that 44 GO terms and 55 KEGG pathways were over-represented. Notably, a large number of genes involved in
immune defense, citric acid (TCA) cycle, oxidative phosphorylation and amino acid metabolisms were significantly down-
regulated, indicating the decelerated energy production and amino acid rate in response to acute ammonia stress. These
results provide new insights into the potential molecular mechanism of ammonia detoxification on transcriptomic level and
will facilitate further mechanism studies on mollusks.
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Introduction

Octopus minor is one of the most important commercial
cephalopods in China and it is a promising species for
aquaculture because of its benthic lifestyle, short life span
and rapid growth rate (Zheng et al. 2014). In north China
only, the overall amount of catching is more than 10,000

Supplementary information The online version of this article (https://
doi.org/10.1007/s10646-020-02279-0) contains supplementary
material, which is available to authorized users.

P4 Xiaodong Zheng
xdzheng @ouc.edu.cn

Institute of Evolution and Marine Biodiversity, Ocean University
of China, Yushan Road 5, 266003 Qingdao, China

Key Laboratory of Mariculture, Ocean University of China,
Yushan Road 5, 266003 Qingdao, China

tons per year. High price and great demand require the
development of O. minor industry. Although restrictions
such as low fecundity, long embryonic development period
and feeding problems still exist, the artificial culturing of O.
minor has been working since 2009, and some progress has
been made (Liu 2013; Qian et al. 2013; Zheng et al. 2014).

As short-lived aquatic livestock, cephalopods are quite
vulnerable to environmental chaies and even slight changes
in water quality might result in death (Pierce et al. 2006).
Ammonia is one of the major indexes in the aquatic
environment and can be toxic to aquatic animals, mean-
while, other parameters such as high temperature, pH, as
well as low salinity can increase the amount of ammonia in
seawater (Bower and Bidwell 1978; Colt and Armstrong
2009). Specifically, the amount of ammonia excretion in
cephalopods is about 2—3 times higher than that of in fish in
the same bodyweight (Lee 1994). Moreover, octopuses
produce much more ammonia than other species within this
family and can be extensively affected by the ammonia
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excretion (Vaz-Pires et al. 2004). All those make octopus a
terrific model for ammonia toxicity mechanism studies.

Un-ionized ammonia in culturing water can enter the
hemolymph through the gills and accumulate in the
hemolymph, leading to the toxicity effects on aquatic ani-
mals (Bower and Bidwell 1978; Colt and Armstrong 2009).
The mechanism of ammonia toxicity in aquatic animal is
not clear, but many researches indicated that high ammonia
can cause functional disorder and even influence the growth
and survival (Chen and Kou 1992; Colt and Armstrong
2009; Smart 1978; Tomasso 1994). Generally, ammonia
toxicity majorly includes the following aspects: (1) the
histologic damages such as gill hyperplasia, liver and kid-
ney degeneration (Benli et al. 2008; Peyghan and Takamy
2002), (2) physiological and biochemical changes such as
disturbance of electrochemical gradients, blood pH
decreasing, ATP consumption (Arillo et al. 1981; Smart
1978; Tomasso 1994; Vedel et al. 1998), (3) damages to the
nervous system and immune system and hence susceptible
to bacterial, fungal and parasites (Evans et al. 2006; Hurvitz
et al. 1997; Vedel et al. 1998). In octopus, exposing to acute
ammonia can lead to increases in skin mucus secretion,
squirt of ink, prey consumption and changes in chromato-
phore, and can even influence the survival of octopus
paralarvae (Feyjoo et al. 2011).

Immune response to ammonia stimulation varies in dif-
ferent species. Mollusks like cephalopods that lack the
specific immune system, immune protecting mechanisms
are mainly comprised of humoral factors and circulating
hemocytes (Ford 1992). Hemocytes are fundamental in
transporting and absorbing of nutrient substance, mediating
and effecting the cellular defense to pathogen invasion and
environmental stress, repairing the tissue damage caused by
mechanical and biological trauma (Castellanos-Martinez
et al. 2014a, b; Cheng 1977; Ford 1992; Perez and Fonta-
netti 2011). Cephalopod hemocytes are crucial in immune
defense and are capable to encapsulate and neutralize the
nonself materials and perform the function like phagocy-
tosis (Ford 1992; Grimaldi et al. 2013). The number and the
type of hemocytes can reflect the wellbeing of cephalopods
and even can serve as the immune-marker of water pollu-
tion in some mollusks (Gestal et al. 2015; Mayrand et al.
2005; Perez and Fontanetti 2011). Apart from the immune
responses against the ammonia stress, some recent resear-
ches also reported the metabolism and structural changes in
accordance with the high ammonia accumulation, including
cytoskeleton remodeling, disturbance of amino acids
metabolism, nucleotide metabolism, lipid metabolism and
changes in energy production (Wang et al. 2017; Xiao et al.
2019).

In recent years, high throughput sequencing data from
crustaceans provide us new insights into molecular
mechanisms of ammonia excretion, nevertheless in
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mollusks only limited information is available and mole-
cular responses to ammonia toxicity and detoxification
mechanisms in this phylum remain unclear (reviewed in
Weihrauch and Allen 2018). Hence, in this study, we per-
formed the hemocytes transcriptome analysis in O. minor to
investigate the genes and metabolic pathways involved in
the responses to ammonia stress. To our knowledge, this
work exhibited the first RNA-seq data for cephalopods in
responses to ammonia stress, and we hope it will improve
our understanding of ammonia detoxification mechanisms
in mollusks.

Materials and methods

Octopus minor cultivation and ammonia challenge
experiment

Before the challenge experiment, we conducted a pre-
experiment to explore the half-lethal dose of O. minor in
48 h. The result revealed the 48-h half-lethal concentration
(LC50) of total ammonia in O. minor is 200.365 mg/L,
which contains un-ionized ammonia (NH3) of 4.62 mg/L
(Xu and Zheng 2018). A total number of 30 samples of
mixed sex weighing from 86-214 g were selected and were
acclimated for one week in tanks. All the tanks are in the
same size (46 cm x 56 cm x 50 cm) and each tank was filled
with about 50 L seawater (46 cm x 56 cm x 20 cm). All the
samples were divided into two groups randomly, the control
group with normal culturing (OM-C) and the experimental
group with ammonia challenge (OM-E), and each group
contained 3 biological repeats and each repeat included five
individuals. During the acclimation period, all the samples
were fed with live crabs (Asian shore crab: Hemigrapsus
sanguineus). The seawater was changed twice a day and
each time only half of the seawater (about 25L) was
renewed. Because the habitat environment of O. minor is
commonly dark, the tank was covered with black plastic.
Sand-filtered seawater was used in this study and the sea-
water conditions were shown as following: pH at 7.8 + 0.2,
temperature at 22+ 1 °C, salinity at 28 ppt and oxygen
higher than 6 mg/L.

After acclimation, the OM-E group were treated with
200.365 mg/L total ammonia for 8h. All samples were
anesthetized with 7.5% magnesium chloride before hemo-
lymph extraction to follow the ethical procedures and
reduce suffering (Andrews et al. 2013; Messenger et al.
1985). A dorsal incision was made on the mantle to collect
the hemolymph from the cephalic aorta using the disposable
syringe. About 1.5 mL of hemolymph were collected from
each sample and then centrifuged at 3000 x g, 4 °C for
15 min. After centrifugation, only hemocytes on the bottom
of the tube were kept and were re-suspended using 1 mL
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Trizol reagent (Invitrogen) and stored at —80 °C until the
RNA extraction.

RNA isolation, mRNA library construction and
sequencing

Total RNA of hemocytes from all 30 individuals was
extracted using Trizol Reagent according to the manu-
facture’s protocol. In short, for the hemocytes suspended
in Trizol reagent, 0.2 ml of chloroform was added (per 1 ml
of Trizol reagent) and was incubated in room temperature
for 3 min then centrifugated at 12,000 x g for 15 min at
4 °C. The upper aqueous phase was transferred into a new
tube and mixed with 0.5 mL isopropyl alcohol for RNA
precipitation (incubate for 10min and centrifuge at
12,000 x g for 10 min at 4 °C). Then, the supernatant was
removed and the gel-like pellet raw RNA was washed with
1 mL 75% ethanol followed by centrifugation at 7500 x g
for Smin at 4°C (remove ethanol and repeat twice).
Finally, air-dry RNA pellet and dissolve RNA in DEPC-
treated water. The quality of RNA was detected by
NanoDrop 2000 spectrophotometer and 1% agarose gels.
RNA of five individuals from the same biological repeats
were pooled to construct the mRNA libraries. The pooled
RNA samples were purified though Oligo (dT) beads and
then cleaved into short fragments using fragmentation
buffer under high temperature. Those short fragments were
reverse transcribed into cDNA with random primers and
then the second-strand cDNA was synthesized. The syn-
thesized cDNA was ligated to the sequencing adapters
after purification and end repair step. The ligation products
of 200-300 bp were selected by 2% agarose gel and were
amplified by PCR. Then the products were sequenced
using Illumine HiSeq™ 4000 by Gene Denovo Bio-
technology Co. (Guangzhou, China).

The raw data were submitted to the NCBI (accession
number: SAMNO08684187-SAMNO08684192).

De novo transcriptome assembly and unigene
annotation

The raw reads were filtered by removing the adapters, low
quality reads and ploy-N to obtain high-quality clean reads
for the downstream analysis. The de novo assembly was
performed in the Trinity (Grabherr et al. 2011). Blastn was
used to aligned the unigenes in the non-redundant nucleo-
tide databases and Blastp were used to hit against the NCBI
non-redundant protein (Nr), Swiss-Prot, Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
and COG/KOG databases with the E value threshold of le
— 5. Protein functional annotations were obtained following
the best alignment results.

Identification of differentially expressed genes and
enrichment analysis

Before differential expression analysis, we filtered the
contigs that matched bacteria and other possible con-
taminating species like Dicyema misakiense. Then the fil-
tered data was inputed into DESeq2 (Love et al. 2014) to
detect differentially expressed genes (DEGs). Taking toge-
ther all six samples, genes with the sum of row reads less
than 60 were filtered and the left genes were kept and
normalized by estimateSizeFactors function in DESeq2.
Genes with a fold change >2 and adjusted p values < 0.05
were identified as significant DEGs. Then the DEGs were
subjected to enrichment analysis in topGO, using the Fisher
test (Alexa, Rahnenfuhrer 2010). The enriched GO terms
were visualized in REVIGO (http://revigo.irb.hr/) and
CirGO (Kuznetsova et al. 2019). KEGG pathways analysis
was also conducted to identify enriched metabolic pathways
in DEGs by using KOBAS with the FDR <0.05 (Xie et al.
2011).

SSR and SNP detection

The potential SSRs in the whole transcriptome were
detected by MlIcroSAtellite (Thiel et al. 2003). The mini-
mum repeats of di-, tri, tetra-, penta- and hexa-nucleotide
were set as six, five, four, four, four, respectively. The SNPs
were detected by GATK3 software (Van der Auwera et al.
2013). And SNP/InDel correlation analysis was performed
using ANNOVAR (Wang et al. 2010).

Gene expression validation

To validate the sequencing data, seven DEGs including
three up-regulated and four down-regulated were selected to
conduct the qRT-PCR in both sets. The reference genes
EFl-a and RPS18b were chosen as internal controls
according to our previous research (Xu and Zheng 2018).
The primer sequences of seven DEGs and the internal
controls were shown in Table S1. A total amount of 1 g
RNA was reverse transcribed to the first-strand cDNA and a
final volume of 20 L. cDNA was obtained by PrimerScript
RT reagent kit with gDNA Eraser (Takara) according to the
manufacturer’s instructions. qRT-PCR was performed in
LightCycler Roche480 and the final PCR reaction volume
was 10 pL, including 1 uL cDNA, 5puL of 2x SYBR EVE
PCR Mix (abm), 0.3 uL of each primer(10 uM) and 3.4 uL
distilled water. The reaction conditions included denatura-
tion at 95 °C for 5 min, followed by 40 cycles of 95 °C for
5s, 55°C for 30s, 72 °C for 30s. The relative expression
levels of DEGs were calculated by comparative CT methods
(Schmittgen et al. 2008).
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Results
De novo assembly and annotation

Two libraries (OM-C & OM-E) were built and 376,166,676
raw reads were generated through sequencing (Table 1).
After filtering, we have obtained 367,396,914 clean reads,
including 174,442,374 in OM-C and 192,954,540 in OM-E.
The libraries contain 54.11G clean bases and the mean
values of Q20 and Q30 were 98.15% and 95.94%, respec-
tively (Table S2). A total of 63,237 unigenes were dis-
covered after de novo assembly. The GC content of the
transcripts was 37.18% and the N50 length was 1291 bp.
The length of unigenes ranged from 201 to 32,899 bp and
the average length of unigenes was 811 bp (Fig. S1).
Among all the assembled unigenes, 25,708 were suc-
cessfully annotated in at least one database and 10,777 were
annotated in all databases described above. However, the
other 37,529 unigenes did not hit in any database. Nr
database annotated the highest number (25,597) of uni-
genes, accounting for 40.48% of all the unigenes, followed
by 16,606 (26.26%) annotated in the Swissport database
and 15,095 (23.87%) matched to the KOG database (Fig. S2).
Among all the successfully annotated unigenes in the NR
database, 13,919 wunigenes (54.38%) showed strong
homology to Octopus bimaculoides and the top ten hit
species distribution based on Nr databases were shown in
Fig. S3. KOG annotation is also an effective tool in iden-
tifying orthology and paralog proteins in eukaryotes. In this
research, a total number of 15,095 unigenes were success-
fully annotated to 25 functional categories in the KOG
database and 237 unigenes were involved in defense
mechanisms (Fig. S4a), implying these genes might
responsible for the immune defense in O. minor. In the
KEGG database, 6526 unigenes were assigned to 234
known pathways, which can be classified into five cate-
gories and 32 subcategories (Fig. S4b). Among all the
known 234 pathways, metabolic pathways assigned the

Table 1 Summary statistics of de novo assembly

Total raws 376,166,676
Clean reads in OM_E 367,396,914
Clean reads in OM_C 174,442,374
Average number of reads in control 58,147,458
Average number of reads in treatment 64,318,180
Number of unigenes 63,237

GC content of assembly 0.3718
Average length of assembly 811bp

N50 1291 bp
Minimum length 201 bp
Maximum length 32,899 bp
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highest number of unigenes (1932), accounting for 30.83%
followed by translation pathways (17.44%) and folding,
sorting and degradation (13.68%). Moreover, a total of 70
unigenes, involving 16 pathways were identified in the
immune system subcategory. GO annotation revealed 7
unigenes involved in the immune system process, 166
unigenes involved in response to stimulus and 197 unigenes
involved in biological regulation (Fig. S4c), which may
provide useful information in responses to ammonia stress
in O. minor.

Differentially expressed genes and functional
enrichment analysis

After filtering the contaminated sequences and low-quality
counts sequences, 47,255 unigenes were included for dif-
ferential expression analysis. In total, 1845 DEGs including
315 up-regulated genes and 1530 down-regulated genes
were discovered (Fig. 1). Among all the 1845 DEGs, only
1349 DEGs were annotated in the public database,
accounting for 73.12%. According to the annotations, some
of these DEGs were involved in immune responses, energy
metabolism, amino acid metabolism, ion transporter (Table 2).
The functions of DEGs were further evaluated by GO and
KEGG enrichment analysis. According to the GO enrichment
analysis, a total of 44 GO terms were significantly enriched.
Notably, the second-highest proportion of GO classification
was ion transmembrane transport (13.8%), including inorganic
cation/ion transmembrane transport and hydrogen ion trans-
membrane transport and meanwhile other GO terms involving
proton transport were also enriched such as energy coupled
proton transmembrane transport against electrochemical gra-
dient (Fig. 2 and Table S3), which indicated that cation/ion
transmembrane transport might play a central function in
ammonia detoxification. For DEGs in KEGG pathway

down non up
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Fig. 1 Volcano map of differential expressed genes between OM_C
and OM_E groups. Blue dots represent the down regulated genes in
OM_E. Gray dots represent normally expressed genes. Red dots
represent up regulated genes in OM_E
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Table 2 Annotation, function and expression ratio of differential expressed genes
Name Abbr. Function Log2FoldChange Gene annotation
3.435614178 PREDICTED: stress-induced-phosphoprotein 1-like

Unigene0014179 STI-1 Stress responses

2.886908646

Unigene0000237 GOT2 Amino acid
metabolism

Unigene0033300 SLC17A5  Amino acid 3.375720796
metabolism

Unigene0040100 GOT1 Amino acid 2.89197152
metabolism

Unigene0061259 TDH Amino acid —2.635921935
metabolism

7.739701685

Unigene0049086 V-ATPase Amminoa transport

Unigene0007770 ATPB1 3.142696201

Ammonia transport

—1.064725669

Unigene0015519 DRAM?2 Autophagy
Unigene0057800 NDUFB9  Energy metabolism 4.699707246
Unigene0058618 MLEC Immune defense 3.683098023
Unigene0024664 TRAF2 Immune defense 3.783298607
Unigene0038429 1IL17-like ~ Immune defense —2.63279054
Unigene0039007 PGRP-SC2 Immune defense —1.653100168
Unigene0055057 ERLECI Immune defense 4.423010527
Unigene0047964 SDHD TCA cycle 3.386358007
Unigene0048125 MDH TCA cycle 5.072599948
Unigene0025222 GLUDI1 TCA cycle 3.345392709
Unigene0055540 IDHB-1 TCA cycle 3.071455754
Unigene0005755 OGDH TCA cycle 3.309403482

PREDICTED: aspartate aminotransferase, mitochondrial-like

PREDICTED: vesicular glutamate transporter 1

PREDICTED: probable aspartate aminotransferase, cytoplasmic
isoform X1
PREDICTED: threonine dehydratase biosynthetic

PREDICTED: V-type proton ATPase 16 kDa proteolipid subunit
PREDICTED: sodium/potassium-transporting ATPase subunit beta-
like
PREDICTED: DNA damage-regulated autophagy modulator
protein 2-like
NADH dehydrogenase
Malectin
TNF receptor-associated factor 2
PREDICTED: interleukin 17-like protein
peptidoglycan-recognition protein-SC2
PREDICTED: endoplasmic reticulum lectin 1
Succinate dehydrogenase cytochrome B small subunit
PREDICTED: malate dehydrogenase, mitochondrial
PREDICTED: glutamate dehydrogenase, mitochondrial
PREDICTED: isocitrate dehydrogenase [NAD] subunit beta
PREDICTED: 2-oxoglutarate dehydrogenase
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analysis, fifty-five metabolic pathways were significantly
enriched, including metabolic pathways, oxidative phosphor-
ylation, proteasome, citrate cycle, biosynthesis of amino acids
and phagosome (Table 3). In general, these pathways can be
represented by two major biological process: (1) metabolism
to maintain the living state of the cells and organism and (2)
innate immune defense represented by endocytosis, phago-
some and lysosome, etc.

To validate the expression levels of unigenes in RNA-
seq, we performed a qRT-PCR in 7 unigenes, including 3
up-regulated and four down-regulated unigenes. The results
indicated that the expression pattern of unigenes in RNA-
seq and quantitative results were highly consistent, which
further confirmed the reliability of data (Fig. S5).

SSR and SNP analysis

SSR and SNP are two major molecular markers that are
widely used in population genetic research and marker-
associated breeding studies (Chistiakov et al. 2006; Dawson
et al. 2013; Hubert et al. 2010). However, to date, only very
limited SSR makers are available for O. minor (Gao et al.
2016; Zuo et al. 2011). Here, the potential SSR and SNP
markers were examined through transcriptome analysis. The
results revealed that the total number of identified SSRs is
25,026, which including 16,883 di-nucleotide, 6,680 tri-
nucleotide, 1379 tetra-nucleotide, 76 penta-nucleotide and 8
hexa-nucleotide (Fig. S6a). AC/GT, AAT/ATT, ACAT/
ATGT were the primary types in di-nucleotide, tri-
nucleotide and tetra-nucleotide repeats, respectively.
According to the transcriptome scan, a total of 268, 672
potential SNPs with the quality greater than 50 were
detected, distributing in 40,112 unigenes. The number of
transition and transversion were 175,775 and 92,897,
respectively (Fig. S6b).

Discussion
Responses to acute ammonia stress

Marine organisms have employed diverse ammonia excre-
tion strategies to survive in a various environment like
seawater, freshwater, water film surrounding sand particles
or mud. The published genome of O. minor also implied
that the large gene redundancy and gene expansion in this
species may relate to the adaptation of harsh environment
fluctuation like diurnal temperature changes, steep salinity
and pH gradients oxygen availability (Kim et al. 2018).
Ammonia is one of the most common and detrimental sti-
mulation in an aquaculture environment that can cause the
immune system damage and even the death of octopods
(Feyjoo et al. 2011). In recent years, several papers tried to
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explore the molecular mechanism of detoxification of
ammonia in cephalopods (Hu et al. 2017; Peng et al. 2016).
However, our understanding of the mechanism of ammonia
tolerance and detoxification metabolism is still limited. In
this study, we performed comparative transcriptome ana-
lysis in O. minor to provide for the first time the key genes
and possible pathways involved in ammonia responses in O.
minor.

In this study, we found several immune-related genes
that were significantly down-regulated after ammonia stress,
such as peptidoglycan-recognition protein SC2 (pgrp-SC2),
TNF receptor-associated factor 2 (traf2), malectin, and
endoplasmic reticulum lectin 1 (erlecl), interleukin 17-like
protein (Table 2). PGRP-SC2 is a member of PGRP family
that can specifically recognize the peptidoglycan (PGN) of
bacteria and is involved in innate immune in bivalves (Ni
et al. 2007). TRAF 2 belongs to the TRAF superfamily that
plays a key role in signal transduction, inflammatory and
apoptosis in mammals. However, researchers found that
TRAF2 may also involve in host defense against immune
challenges in mollusks (Qu et al. 2017). Malectin and
ERLECI all belong to the endoplasmic reticulum lectins,
particularly, malectin was found to be involved in ER-stress
and innate immunity in scallops (Wang et al. 2019). Similar
down-regulation of immune-related genes under ammonia
stress was also observed in shrimps (Li et al. 2018; Lu et al.
2016; Wang et al. 2017). In addition, several pathways like
lysosome, phagosome and endocytosis pathways that highly
related to immune defense were significantly enriched
(Table 3). The lysosome is a membrane-bound dynamic
organelle that is responsible for degradation and recycling
of intracellular and extracellular materials by phagocytosis
and autophagy and endocytosis, and thus essential for
innate immune responses to prevent pathogen and eliminate
non-self molecules (Gao et al. 2017; Luzio et al. 2007).
Phagocytosis especially hemocyte phagocytosis constitutes
the major part of immune responses in marine mollusks
(Zannella et al. 2017). All the above indicated the damages
on the immune defense system in O. minor after ammonia
stress, which also further explained why aquatic organisms
in high ammonia accumulation are susceptible to pathogens
(Evans et al. 2006; Hurvitz et al. 1997).

Researches in other organisms found that ammonia
accumulation would induce mitochondria dysfunction and
energy metabolism disturbances (Niknahad et al. 2017; Ott
et al. 2005). In this study, two energy-producing pathways
—oxidative phosphorylation and Citrate cycle (TCA cycle)
pathways and the GO term—energy coupled proton trans-
membrane transport, against electrochemical gradient
(GO:0015988) were significantly enriched. The transport of
protons across a membrane to generate an electrochemical
gradient (proton-motive force) that provides energy for the
synthesis of ATP or GTP. Oxidative phosphorylation and
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Table 3 Enriched pathways based on differential expressed genes
Pathways Input number Background number p value Corrected

p value
Metabolic pathways 208 1166 2.15968E — 53 2.15968E — 51
Ribosome 56 119 1.62924E — 31 8.14621E — 30
Carbon metabolism 53 108 1.38361E — 30 4.61205E — 29
Oxidative phosphorylation 46 79 3.799E — 29 9.4975E — 28
Spliceosome 42 124 1.28861E — 19 2.57721E — 18
Proteasome 25 38 2.18783E — 17 3.64639E — 16
Citrate cycle (TCA cycle) 23 31 6.29139E — 17 8.9877E — 16
Biosynthesis of amino acids 28 74 1.62202E — 14 2.02752E — 13
Endocytosis 40 167 1.95863E — 14 2.17626E — 13
Glyoxylate and dicarboxylate 19 34 1.33097E — 12 1.33097E — 11
metabolism
Phagosome 36 162 2.61037E — 12 2.37307E — 11
Pyruvate metabolism 19 37 4.15079E — 12 3.45899E — 11
Arginine and proline metabolism 21 53 1.534E — 11 1.18E — 10
Aminoacyl-tRNA biosynthesis 20 47 1.66848E — 11 1.19177E — 10
2-Oxocarboxylic acid metabolism 15 21 2.43482E — 11 1.62321E - 10
Propanoate metabolism 16 29 9.16885E — 11 5.73053E - 10
Lysosome 33 166 2.66533E — 10 1.56784E — 09
Valine, leucine and isoleucine 18 46 5.10163E — 10 2.83424E — 09
degradation
Glycolysis/gluconeogenesis 17 40 5.60429E — 10 2.94962E — 09
Fatty acid metabolism 18 50 1.50894E — 09 7.5447E — 09
Protein processing in endoplasmic 27 128 3.6822E — 09 1.75343E — 08
reticulum
Cysteine and methionine 15 43 4.91046E — 08 2.23203E — 07
metabolism
mTOR signaling pathway 21 101 2.41214E — 07 1.04876E — 06
RNA transport 23 123 3.44536E — 07 1.43557E — 06
mRNA surveillance pathway 17 68 3.68927E — 07 1.47571E — 06
Fatty acid degradation 13 38 4.60591E — 07 1.7715E — 06
Arginine biosynthesis 10 20 6.44302E — 07 2.3863E — 06
Ribosome biogenesis in 15 66 4.87416E — 06 1.74077E — 05
eukaryotes
Wnt signaling pathway 15 67 5.70864E — 06 1.9685E — 05
Pentose and glucuronate 10 33 2.35406E — 05 7.84687E — 05
interconversions
Phenylalanine, tyrosine and 5 6 8.29474E — 05 0.000267572
tryptophan biosynthesis
Alanine, aspartate and glutamate 9 33 0.000119103 0.000372197
metabolism
Steroid biosynthesis 6 14 0.00023388 0.000708726
Beta-alanine metabolism 7 22 0.000312851 0.000893859
Pentose phosphate pathway 7 22 0.000312851 0.000893859
Fructose and mannose 9 40 0.000408471 0.001103976
metabolism
AGE-RAGE signaling pathway 9 40 0.000408471 0.001103976
in diabetic complications
TGF-beta signaling pathway 9 41 0.000477606 0.001256857
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Table 3 (continued)

Pathways Input number Background number p value Corrected

p value
Phosphatidylinositol 12 76 0.000834078 0.002138663
signaling system
Ubiquitin mediated proteolysis 16 124 0.000917715 0.002294287
Galactose metabolism 39 0.001428737 0.003484724
Phenylalanine metabolism 5 14 0.001523888 0.003628305
Glycine, serine and threonine 8 40 0.001644927 0.003825412
metabolism
Fatty acid biosynthesis 5 15 0.001953891 0.004440661
Lysine degradation 8 42 0.002154488 0.004787751
Sphingolipid metabolism 8 43 0.002451869 0.005330151
Butanoate metabolism 6 25 0.002854643 0.006073709
Fatty acid elongation 5 19 0.00458295 0.009547812
Terpenoid backbone biosynthesis 5 20 0.005510321 0.011245554
Glycerolipid metabolism 8 51 0.006141398 0.012282797
Glutathione metabolism 9 67 0.00917344 0.017987138
Amino sugar and nucleotide sugar 10 80 0.009620148 0.018500285
metabolism
Inositol phosphate metabolism 47 0.012834283 0.024215628
Tyrosine metabolism 26 0.0139728 0.025875555
Tryptophan metabolism 53 0.022000486 0.040000884
Purine metabolism 15 166 0.024098095 0.043032313
Protein export 4 21 0.02794697 0.049029771

TCA cycle are also closely related. Previous studies in
marine organisms revealed that oxidative phosphorylation
was highly involved in the responses to environmental
stress (Tomanek 2015; Wang et al. 2017). The nicotinamide
adenine dinucleotide (NADH) generated by the TCA cycle
would transfer to the Oxidative phosphorylation, leading the
ADP convert into ATP. Several main genes in mitochon-
drial membrane respiratory chain like NADH dehy-
drogenase and succinate dehydrogenase and genes in the
TCA cycle like 2-oxoglutarate dehydrogenase and malate
dehydrogenase were significantly down-regulated, indicat-
ing the rate of energy production in mitochondria might
decline after ammonia stress.

Notably, a large amount of amino acid metabolism
pathways was enriched in our study, including biosynthesis
of amino acids, arginine and proline metabolism, valine,
leucine and isoleucine degradation, cysteine and methionine
metabolism, alanine, aspartate and glutamate metabolism,
glycine, serine and threonine metabolism, glutathione
metabolism. Amino acid metabolism changes were also
observed in other marine organisms in response to cold
stress, osmotic stress as well as ammonia stress (Nie et al.
2017; Xiao et al. 2019; Zhou et al. 2011). In these amino
acids, some are important precursors in TCA cycles like
valine, aspartate, glutamate, threonine, while others like
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alanine, serine and threonine are precursors of pyruvate
which is the end-product of glycolysis and is also essential
for ATP generation in respiration chain. Furthermore,
amino acid metabolism is one of the major ways for
nitrogenous degradation and thus is deemed as a strategy in
aquatic organisms to avoid ammonia toxicity (Chen 2000;
Xiao et al. 2019).

Mechanism of ammonia metabolism in O. minor

In this study, we used RNA-seq to investigate possible
ammonia excretion mechanisms in O. minor. As shown in
Fig. 3, high accumulation of ammonia would down-regulate
the key enzyme-coded genes, in our case for example iso-
critate dehydrogenase, succinate dehydrogenase, malate
dehydrogenase and thus inhibit the TCA cycle, which was
also observed in Litopenaeus vannamei (Xiao et al. 2019).
According to previous researches in other species, one
detoxification pathway is to transform ammonia to gluta-
mine. However, because of the down-regulation of the TCA
cycle, this pathway is less possible for ammonia detox-
ification in our case. Another possible way is to convert
ammonia to urea or uric acids. Researches in cephalopods
indicated that they can produce guanine, urea or uric acids
(Wells 1978; Hoeger et al. 1987; Boucher-Rodoni and
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Mangold 1989). Here, we found that the ornithine amino-
transferase gene is down-regulated, which means a higher
rate of urea cycle. However, other key genes in urea cycle
were not differentially expressed and the key genes
involved in producing uric acids were not detected in our
RNA-seq data. Therefore, the excretion way through urea
cycle or producing uric acids in O. minor needs further
studies. Finally, we suspected that another possible way of
ammonia detoxification under acute ammonia stress is
through ammonia transporters. Perfused gills experiment in
Octopus vulgaris revealed that four ammonia transporters
(Na™/K-ATPase, V-type HT-ATPase, Nat/H'-exchanger
3 and Rhesus protein) located in gill epithelial cell and
blood vessels may be responsible for the ammonia home-
ostasis (Hu et al. 2017). K* ions and hydrated NH," and
have similar sizes and thus K* can be substituted by NH,*
to excrete into the environment through Na®/NH,"
exchanger (Hu et al. 2017; Weihrauch and Allen 2018). V-
type H*-ATPase could induce an “acid-trapping” mechan-
ism to convert NH; into NH4". In shallow-water octopods
(O. vulgaris), the major ammonia excretion organs are gill,
renal appendages and the ammonia level in blood was
significantly lower after the passage of the excretory organs
(Hu et al. 2017). However, in this study, only hemolymph

was analysis and the transcription of V-type HT-ATPase
(VHA) and Na'/K™-ATPase (NKA) were significantly
down-regulated after ammonia stress, indicating lower
levels of NH, " entrapment in hemolymph and a lower rate
of NH," export. This situation could because both trans-
porters are ATP-dependent, which means a decline in
energy production may result in down-regulation of these
two genes, and the harmful effects of ammonia stress may
also influence the physiology of octopus. Hence, further
experiments about blood ammonia levels and transcriptional
regulation of ammonia transporters in excretory organs are
necessary to reveal the role of ammonia transporters in
ammonia detoxification.

Conclusion

In this study, we performed for the first time the com-
parative transcriptome analysis in Cephalopoda (O.
minor) under acute ammonia stress. We found that most
of the annotated DEGs were involved in immune
responses, amino acids metabolism, energy production.
According to the differential expression analysis and
enrichment analysis, we speculated that high ammonia
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accumulation in the environment would reduce the ability
of immune defense in O. minor, inhibit the TCA cycle and
slow down the rate of ATP production. Possible ammonia
excretion ways were proposed and further experiments
would be necessary to verify these hypotheses. This study
provided the basic information about ammonia toxicity
and ammonia excretion in O. minor, meanwhile the genes
and pathways found in this study will facilitate further
studies of molecular mechanisms of ammonia excretion in
mollusk.
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